Specific features of the effect of hydrogenation on the susceptibility of a Ni-Ti alloy with shape memory to deformation are determined with the use of metallographic, electrochemical, and mechanical studies. Three sections are detected in the tensile curves of the specimens of nickel-titanium alloy in the initial state. The first section is linear due to the elastic deformation of the alloy with initial austenitic structure. The second section is nonlinear and associated with pseudoelastic structural transformations of the original austenitic structure into a martensitic structure. The third section is also linear and caused by the elastic deformation of martensite formed in the course of deformation of austenite. After hydrogenation of the Ni-Ti alloy, the pseudoelastic structural transformation starts at a somewhat lower level of stresses than without hydrogenation. In this case, the specimens are destroyed after the termination of this transformation for a much lower level of plasticity than in the nonhydrogenated alloy. It is assumed that the electrolytic hydrogenation of the alloy promotes the formation of a very brittle hydride phase on the surface of Ti-type inclusions revealed in the structure of alloy in the initial state. Its thickness is determined by the duration of the process of hydrogenation rather than by the current used for hydrogenation.
The alloys with shape memory effect possess unique properties. Therefore, they are extensively used in the aerospace industry [1] , biomedicine [2] [3] [4] , nuclear power industry, civil and industrial engineering [5] [6] [7] [8] [9] , etc. The most popular alloy with shape memory effect is Nitinol [10] . Despite the fact that materials of this kind belong to the class of functional materials, they must satisfy certain requirements imposed on the level of their structural strength in the course of structural-and-phase transformations running in these materials under the influence of temperature [11] or strains [12] and depending on the influence of ambient and working hydrogenating corrosive media [13] . It is well known from the literature that, under the influence of hydrogen, the level of plasticity decreases [14] , the shape memory effect disappears [15] , and the fatigue life of Ni-Ti alloys decreases [16] . Moreover, the plasticity and strength of Ni-Ti alloys decrease starting from hydrogen concentrations of about 10-50 ppm -1 [17] [18] [19] . In view of these facts, it is necessary to study the influence of hydrogen on the functional properties of the alloy with shape memory on the one hand and on its mechanical behavior on the other hand.
The aim of the present work is to study the influence of hydrogen absorbed by the nickel-titanium alloy with shape memory on the specific features of deformation of this alloy. 
Methodical Aspects of the Tests
We study rods made of the Nitinol alloy (Ni 55. 8 Cylindrical specimens with a 5-mm net section of the working part were tested by tension in a UME-10T installation (Fig. 1) . Some specimens were electrolytically hydrogenated prior to the mechanical tests. As a working medium, we used an aqueous solution of hydrofluoric acid with pH 2. After hydrogenation, the specimens were loaded in air for a velocity of motion of an active clamp equal to 1 mm/h.
The metallographic studies of the alloy were carried out on a EVO-40XVP scanning electron microscope equipped with the INCA Energy-350 system for the X-ray diffraction spectral microanalysis.
Experimental Results and Discussion
Metallographic Studies. Independently of the cross section (longitudinal or transverse) in which the structure was analyzed, the grains mainly have a polygonal morphology in the form of almost equiaxial grains (Fig. 2) .
Hence, the shape of the grains does not allow us to speak about the presence of texture in the initial state of the alloy. Therefore, we assume that, in the final stage of production of rods made of Nitinol, they are subjected to high-temperature thermal treatment guaranteeing the complete recrystallization of the alloy. The structure of the alloy morphologically corresponds to austenite with almost parallel twins within the limits of separate grains. These twins cross the grains in the form of packages. However, the twins were extended from one boundary of a grain to the other its boundary not in all cases. We observed a clear relationship between the orientation of twins and the crystallography of grains because the orientation of twin packages varied from grain to grain.
In the structure of the alloy, against the background of austenitic matrix, we observe the presence of quite large inclusions (up to 10 µm in size). The inclusions have round cross-sectional shapes and are almost identical in the longitudinal and transverse microsections. The nature of inclusions in the Nitinol structure was clarified with the help of X-ray diffraction spectral microanalysis. It was discovered that the main element in the composition of these inclusions is titanium (∼ 98 wt.% on the average), whereas the composition of the matrix includes 44 wt.% of titanium and 56 wt.% of nickel, which approximately corresponds to the composition of the alloy specified in the delivery certificate. Mechanical Studies. The specimens were cyclically loaded by tension with stepwise increase in the maximum level of stresses in each subsequent loading cycle. In the first loading cycle, after the initial linear section characterized by the elastic deformation of the alloy, we revealed a nonlinear section caused by the decrease in stresses. Therefore, the next loading cycles were carried out in the following way: three additional cycles were realized until the section characterized by a decrease in stresses disappeared (Fig. 3a) . Then the specimen was held in the unloaded state for 24 h and three more loading cycles were performed (Fig. 3b ). After this, the specimen was loaded by tension with a velocity of motion of an active clamp equal to 1 mm/h to fracture.
The obtained diagrams enable us to conclude that, in general, it is possible to distinguish three sections in the curves of tensile loading of the specimens (Fig. 3) : linear sections whose slopes correspond to the slope of the curve A in Fig. 3b ; nonlinear sections in the stage of lowering of the level of stresses, and linear sections whose slopes correspond to the straight line B in Fig. 3b .
It is clear that the first linear section characterizes the elastic deformation of initial austenite up to the start of its pseudoelastic structural transformation into martensite (Fig. 3a) . It starts under stresses higher than 505 MPa. As already indicated, a nonlinear section with characteristic decrease in stresses appears in the first loading cycle after the linear section. It was assumed that the structural transformation of the original austenite into martensite occurs first as the level of stresses increases. On attainment of a certain maximum value, this transformation is accompanied by the relaxation of stresses and is practically completed on the same level of stresses as in the initial state. In the second loading cycle, the character of the diagram for the investigated alloy is similar but the decrease in stresses is manifested not so clearly. In the third cycle, we observe a plateau-like section in the diagram of transformation of the initial austenite into martensite corresponding to somewhat higher stresses. In the curves of unloading, after the first rectilinear sections, we see nonlinear sections obviously caused by the reverse pseudoelastic structural transformation of martensite into austenite. In view of the fact that the clearly expressed transformation is observed only in the first cycle, we can also assume that the transformation of initial austenite into martensite occurs in two stages.
In the first loading cycle, martensite is formed in the section corresponding to a decrease in stresses. Its structure is transformed into the austenitic structure in course of unloading down to ∼ 370 MPa. In the second cycle, the decrease in stresses is less pronounced. Hence, the indicated transformation of martensite into austenite is not so clear, most likely due to the formation of martensite with different structure whose transformation into austenite is complicated. As the level of strains in a loading cycle increases, the transformation of martensite into austenite in the course of unloading becomes complicated and terminates at lower stresses.
In the third loading cycle, we observe an increase in the austenite-martensite transformation resistance. The procedure of holding of the specimen for one day after the first three loading cycles exerts no influence on the mechanical behavior of the alloy. In the fourth cycle, in the course of loading up to stresses higher than at the origin of the austenite-martensite transformation in the first three cycles, the curve of unloading practically coincides with the loading curve (Fig. 3b) . As the maximum load increases in the fifth and sixth cycles, the austenite-martensite transformation resistance continues to increase. Under stresses of about 850 MPa, the specimen is destroyed.
The absolute elongation of the specimen Δ = 0.255 mm. It is estimated according to the tensile loading curve. It is difficult to estimate the relative narrowing of the alloy because, after fracture, the martensiteaustenite transformation with possible changes in the shape of the specimen had already happened and, therefore, the actual diameter of the specimen at the time of fracture remains unclear. The indicated low plasticity of the alloy serves as an indication of its high brittleness. Almost immediately after the initiation of a microcrack, we observe its spontaneous (supercritical) propagation without formation of visible signs of shear in the zone of final fracture (Fig. 4) .
To estimate the influence of hydrogen on mechanical characteristics of the alloy, we used two modes of hydrogenation of specimens: (I) at a current density of 0.1 mA/cm 2 for 65 h and (II) at a current density of 0.01 mA/cm 2 for 290 h.
The specimen hydrogenated in mode I was destroyed in the first loading cycle (practically immediately after the completion of the austenite-martensite transformation) in the transition to the section of elastic deformation of martensite under stresses of ∼ 550 MPa (Fig. 5 ). This reveals a very low crack-initiation resistance of hydrogenated martensite, i.e., a high susceptibility of the alloy to hydrogen embrittlement. This is also confirmed by its very low plasticity (Δ = 0.109 mm).
In the case of testing of the specimens hydrogenated in mode II, the austenite-martensite transformation starts at somewhat lower stresses of about 520 MPa. The hydrogenated specimen was destroyed in the second loading cycle, possibly immediately after the completion of the transformation of austenite into martensite under a stress of about 520 MPa (because the same transformation in the nonhydrogenated alloy terminated just at the indicated level of stresses). For three types of specimens, the pseudoelastic strains are practically identical in the sections, where the stresses decrease (Fig. 5) . The plasticity of the specimens hydrogenated in mode II is lower than for mode I ( Δ = 0.086 mm). Hence, the specimens hydrogenated in mode II fail at lower levels of stresses and exhibit, in this case, lower values of plasticity.
This result seems to be somewhat unexpected because the current observed in the process of hydrogenation in mode ІІ is lower than in the case of mode I by an order of magnitude. It could be expected that the dependences of fracture stresses and plasticity on the hydrogenation current (opposite to the traditional dependences) are caused by the formation of a very brittle hydride phase on the surface of alloy in the course of electrolytic hydrogenation of the specimen rather than by the hydrogen embrittlement of the martensitic phase, which is sensitive to the content of absorbed hydrogen. Indeed, titanium alloys used for the production of hydrogen storage batteries are characterized by the formation of a hydride phase with the corresponding stoichiometric composition for certain concentrations of hydrogen [20] . Note that the hydrogen concentration in the surface layer of hydride is determined not by the hydrogenation current but by the stoichiometric composition of the formed hydride. Therefore, the intensity of diffusion and, hence, the thickness of the hydride layer are obviously determined by the duration of hydrogenation. In the second mode of hydrogenation, it is almost five times larger, which explains the observed effect.
In addition, it is necessary to take into account the fact that the inclusions detected in the structure of the alloy correspond (in the content of elements) to almost pure titanium. Hence, these inclusions can absorb hydrogen especially intensely and, therefore, serve as the sites of formation of brittle titanium hydrides. In view of their sizes (up to 10 µm) and a fairly uniform density of their arrangement, it is possible to assume that not only the level of brittleness of these hydrides is responsible for the decrease in the brittle-fracture resistance of the hydrogenated alloy but also the influence of hydrides as relatively sharp stress concentrators in the martensitic matrix can also play a significant role in this process.
The obtained results reveal the necessity of a more detailed investigation of the influence of hydrogen on the mechanical behavior of Nitinol due to the kinetic restrictions imposed on its penetration from corrosive medium depending on the protective properties of the surface films, compositions of the working and technological media, hydrogen content, and hence, the thickness of the hydride phase on the surface of titanium inclusions in the austenitic matrix of the alloy. It is also important to study the kinetics of hydrogenation of the alloy in the course of pseudoelastic transformation because it is known that the self-diffusion and diffusion of alloying interstitial and substitutional elements becomes much more intense in the presence of these transformations of the crystal lattice [21] .
CONCLUSIONS
In the tensile loading curves of the nickel-titanium alloy in the initial state, we observe three sections: a linear section of elastic deformation of initial austenite, a nonlinear section corresponding to the pseudoelastic structural transformation of the initial austenite into martensite, and a linear section of elastic deformation of martensite. The pseudoelastic structural transformation of initial austenite into martensite occurs as the level of stresses increases; as a certain maximum level of stresses is attained, this transformation is accompanied by a relaxation of stress and terminates almost on the same level as at the onset of transformation. In the initial state, the Nitinol specimens are destroyed in a brittle way almost immediately after the completion of elastic deformation of the martensitic structure without noticeable signs of the formation of "elongation lips. " Under the conditions of hydrogenation of Nitinol, the pseudoelastic structural transformation originates at a somewhat lower level of stresses than without hydrogenation. In this case, the specimens fail after the completion of the transformation and exhibit much lower plasticity as compared with the nonhydrogenated alloy. It is assumed that, in the process of electrolytic hydrogenation, we observe the formation of conditions required for the appearance of a very brittle hydride phase on the Nitinol surface. Moreover, the thickness of this phase is determined not by the hydrogenation current but by the duration of the process.
